1. Aggressive interactions are ubiquitous among animals. They are either directed towards heterospecifics, like predators or competitors, or conspecifics. During intraspecific encounters, aggression often serves to establish hierarchies within the social group. Thus, in order to understand the mechanisms mediating social organization, it is important to comprehend the escalation and avoidance of aggressive behaviour.
bearer's aggressive motivation can be adjusted depending on the situation (Barlow, 2000) . Such motivational signals have been frequently debated, as they are assumed to be unreliable and should therefore not be evolutionary stable. Still, honest signalling can be possible when the expression of the signal is costly. Indeed, recent models show that honest and deceitful signals can coexist (see Briffa, 2015 and citations therein) . Finally, the communication of RHP and aggressive motivation is not the only way to avoid severe aggressive encounters. Individuals of low aggressive potential might instead signal submission (Schenkel, 1967) . For example, many fish species signal their submission by showing submissive gestures or positions or by presenting submissive colour patterns, which often end a fight immediately (Barlow, 2000; Gibson, 1968; O'Connor, Metcalfe, & Taylor, 1999) .
| COMMUNI C ATI ON IN AQUATI C ENVIRONMENTS
Animals use a fascinating variety of modalities to communicate, including visual, acoustic, chemical, mechanosensory and electric cues.
The choice of the respective modality strongly depends on the environmental conditions perceived by the sender and the receiver. Such environmental conditions might change drastically within a short time frame. For example, while visual signals are a good way to communicate during a bright and clear day, they are of very limited use under foggy conditions or during the night. Similarly, olfactory information might be difficult to be conveyed against the wind or might dispense quickly. Besides such short-term variability, environments also differ on a large scale. For example, aquatic environments differ drastically from terrestrial environments in their suitability to transfer information (Pitcher, 1993) . While visual cues can be a very fast and highly reliable source of information in clear and shallow waters, they are of much less value under turbid conditions. Furthermore, light conditions change drastically with increasing depth of a water body, with long wavelengths of the light spectrum (i.e., red) being scattered and absorbed within the first metres, while shorter wavelengths (i.e., blue and violet) penetrating up to 60m and beyond. Acoustic cues are transmitted about four times faster in water than in air and carry information over longer distances. Still, the direction of acoustic signals is difficult to assess, leading to the evolution of special organs enabling recognition of directionality of a sound source in several species (e.g., Aroyan, 2001) . Chemical cues might dispense quickly in water, making them sub-optimal for long-term markings, but ideal for short-term communication. Vibrational and mechanosensory might be transferred via direct contact between the sender and receiver. Furthermore, aquatic organisms frequently produce changes in water pressure, which can be perceived by the receiver, often using special organs, like the lateral line (Bleckmann & Zelick, 2009; Butler & Maruska, 2015) . Finally, communication by the production of weakly electric fields has been demonstrated mainly in aquatic species. To avoid unintended attraction of predators or heterospecific competitors, communication might involve 'private channels' using cues that other species are not able to perceive. Sound outside the hearing range, colours outside the visual range (e.g., UV or fluorescent coloration) or electric cues are classic examples. Such private channel communication might result in an arms race where predators or competitors evolve mechanisms to detect these signals (ter Hofstede & Ratcliffe, 2016) .
Communication signals are often composed of a combination of several cues, either using the same or different modalities. Different cues might elicit or enhance the same response in an opponent (Partan & Marler, 1999) . Sending such redundant information might on the one hand be beneficial in situations where signal transfer is unsecure due to environmental disturbances. By sending the same information, either in the same or different modality, receivers are more likely to realize the signal (Partan & Marler, 1999) . For example, in situations where visual communication is temporarily hampered by variation in turbidity, acoustic cues might transport comparable information in another modality. On the other hand, redundant multimodal cues might underline the strength of signal, leading to an increased response of the receiver. In both scenarios, multimodal signals will lead to an increase in the accuracy of the receiver response (Hebets & Papaj, 2005) . Further, different components of a signal might also be used in non-redundancy and provide an increase in information content. Such multiple components might transfer independent information, for example about the sender's size and motivation. These components might overrule each other when elicited at the time or modulate the response to the other.
Finally, both signal components combined might lead to the emergence of a reaction that both components alone would not elicit (see Partan & Marler, 2005 for a detailed discussion). While such multimodal communication appears to be highly beneficial on the first view, communicating using multimodal signals also comes with costs, including energetic costs of producing, perceiving and integrating such diverse cues as well as an increased attraction of predators or competitors (Partan & Marler, 2005) . Thus, the necessity to evolve multimodal communication signals is again strongly dependent on the ecological settings.
| S ING LE AND MULTIMODAL COMMUNIC ATION OF AGG RE SS IVE PROPEN S IT Y
Given such multifarious ways to communicate, it is not surprising that signals employed during aggressive encounters are transferred using the same broad range of modalities. Still, despite decades of research on communication of aggression in aquatic systems, the majority of studies have focussed on visual cues; most likely because these are predominantly used in human communication (Levinson & Holler, 2014 ) and easy to measure. However, as outlined above, visual modalities might play a minor role in aquatic systems depending on the ecology of the respective species. Indeed, already Baglioni (1910) described not only visual but also mechanosensory and olfactory perception in different fish and cephalopod species. In the following, I shall introduce briefly the different modalities aquatic organisms use in their communication, thereby highlighting the scope for future studies.
| VISUAL CUE S
Aquatic animals show a fascinating diversity of morphological phenotypes, many of them being strikingly colourful, which can play a crucial role in intraspecific communication. Vision is an important modality as shown by the widespread ability to perceive light and colours in aquatic organisms. Most fish species, cephalopods and many crustaceans show highly derived photoreceptors, allowing them to see various colours, including the UV range (Cronin, 2006; Douglas & Djamgoz, 2012; Marshall & Oberwinkler, 1999) . While modern teleosts possess four spectral classes of cones (Bowmaker, 2008) , some mantis shrimp have up to 20 functional colour receptors allowing them to perceive wavelengths of light ranging from deep ultraviolet to far-red (Cronin, Bok, Marshall, & Caldwell, 2014) as well as polarized light (Thoen, How, Chiou, & Marshall, 2014) .
Still, the usefulness of visual cues in communication strongly depends on the environment (Endler, 1992) . For example, high turbidity might temporarily or continuously reduce visibility. Furthermore, depending on the depth within a water body, certain wavelengths are removed, making communication via colour signals more difficult. The colour red, for example, is completely removed at a depth of 10 m. Depending on biotic and abiotic conditions the aphotic zone, where less than 1% of sunlight penetrates, begins around 200m of depth (Jerlov, 1968) . Here, visual communication can only be achieved by the production of light signals. Nonetheless, even under optimal light conditions the distance in which visual information can be received seldom exceeds 30 metres, making visual cues unfeasible for communication over longer distances.
| Communication by morphological cues
Morphological features are constant cues and often serve to transfer visually information about body size, which usually correlates well with strength and RHP (Arnott & Elwood, 2009 ). Classical examples include fin displays in many fishes (Brantley & Bass, 1994; Gibson, 1968; Taborsky, 1984) . Here, the opponents spread the unpaired fins (i.e., dorsal, anal and caudal fin) (Balzarini, Taborsky, Wanner, Koch, & Frommen, 2014) . Such fin spreads may transfer information about a fish's size and health status (Bakker & Mundwiler, 1999) . They are often accompanied by the lifting of the opercula lids (Abrahams, Robb, & Hare, 2005; Frances & Hinde, 1968) , which makes the head appear bigger (Balzarini, Taborsky, Villa, & Frommen, 2017) . Such opercula spreads reduce a signaller's ability to breath and are thus costly (Abrahams et al., 2005) .
In the Siamese fighting fish (Betta splendens), for example, opercula displays serve as an acute response to a territory intrusion, while fin spreading is a chronic response, probably due to the lower energetic costs of such displays (Forsatkar, Nematollahi, & Brown, 2017) . The intensity of opercula displays is a good predictor for the outcome of subsequent fights, indicating that they are honest signals for the signaller's RHP (Evans, 1985) . Fin displays might be short and are often followed by a submissive signal of the smaller opponent. However, they might escalate into long-lasting, energetically costly displays, where opponents present their lateral sides towards each other, usually in an anti-parallel manner (Arnott, Ashton, & Elwood, 2011) . Such lateral displays might be further reinforced by pushing water towards each other using the caudal fin (see mechanosensory communication). The amount of moved water is here thought to be used as a further proxy of the signaller's body size and strength. Presenting morphological features to communicate strength is also common in many crustaceans (Mazel, Cronin, Caldwell, & Marshall, 2004) . Different crab species, for example, wave their enlarged chelipeds towards each other before engaging in costly overt fights (Arnott & Elwood, 2010; Callander, Kahn, Maricic, Jennions, & Backwell, 2013; Jachowski, 1974) .
| Communication by colour
In contrast to morphological features, colour signals can either be stable over time or change quickly within seconds. Similar to morphological signals, long-lasting colour patterns might transfer information about the signaller's body size (Balzarini et al., 2017) , RHP (Moretz, 2005) or health status (Milinski & Bakker, 1990) . Flexible signals in contrast might change rapidly depending in the bearer's motivational state. Contestants might signal their aggressive propensity by showing aggressive colour patterns, which can be accompanied by threat displays involving morphological cues. However, if they withdraw before aggression escalates or lose the fight such colour patterns might change drastically, signalling the submissive status of its bearer. Such fast colour changes are known for many fish species (Beeching, 1995; Dawkins & Guilford, 1993; O'Connor et al., 1999) , but also for example in cephalopods (Scheel, Godfrey-Smith, & Lawrence, 2016) . Mourning cuttlefish (Sepia plangon), for example, deceive rivals by displaying male courtship colour patterns to receptive females on one side of the body and simultaneously displaying female patterns on the other (Brown, Garwood, & Williamson, 2012) .
| Private communication channels and aggression
While striking colour patterns can be highly suitable to communicate RHP and aggressive propensity, they bear at the same time the risk | 5
Functional Ecology FROMMEN of attracting predators. Several aquatic animals therefore use colour patterns that cannot be assessed by their predators. Such 'hidden' or 'private' communication channels might employ ultraviolet colour vision (Cummings, Rosenthal, & Ryan, 2003; Losey et al., 1999; Marshall & Oberwinkler, 1999; Modarressie, Rick, & Bakker, 2013; Siebeck, 2004) . Male three-spined stickleback (Gasterosteus aculeatus), for example, show distinctive UV-colour patterns (Hiermes, Rick, Mehlis, & Bakker, 2016; Rick, Modarressie, & Bakker, 2004 ) that not only play a role during mate choice (Boulcott, Walton, & Braithwaite, 2005; Rick & Bakker, 2008a; Rick, Modarressie, & Bakker, 2006) , but are also incorporated in aggressive encounters (Rick & Bakker, 2008b ). Furthermore, some aquatic animals like cuttlefish or different stomatopods possess polarization vision (Marshall, Cronin, Shashar, & Land, 1999; Shashar, Rutledge, & Cronin, 1996) . This makes polarized light a further candidate for a private communication channel (Marshall et al., 2019) 
| Biofluorescence and bioluminescence
Under dim light conditions, the emission of light bears the potential to transfer information. Such light emission might be achieved by the absorption of light by fluorescent proteins and the subsequent emission of light at a lower energy level (Biofluorescence) or by the production of light based on chemical processes (Bioluminescence).
Biofluorescence depends on the presence of external sources of light. It is therefore only found in the photic zone, where there is enough light left that can be absorbed (Sparks et al., 2014) . It is important in cephalopods (Mäthger & Denton, 2001) , sharks (Gruber et al., 2016) and several families of bony fishes (Sparks et al., 2014) .
Potential functions include camouflage, foraging and communication (Michiels et al., 2008) . The best evidence for the role of biofluorescence in aggressive communication comes from mantis shrimp. Male Lysiosquillina glabriuscula, for example, threaten their opponents by raising the head and thorax, spreading the striking appendages and other maxillipeds, and laterally extending the prominent, oval antennal scales. Such displays are accentuated by colour patterns emitted both in the visual and UV spectrum (Cronin et al., 2014; Franklin, Marshall, & Lewis, 2016) . Fluorescent coloration contributes to signal brightness and visibility of yellow spots, particularly at greater depths. The emitted wavelengths transmit well through seawater, so the signal is visible at distances at which communication occurs (Mazel et al., 2004) .
Other animals emit light as the result of chemical reactions. Such bioluminescence has been described in many marine taxa that either live in the constant darkness of the deep sea or that are nocturnal (see Haddock, Moline, & Case, 2010 for a review). This includes many jellyfishes, crustaceans, cephalopods, sharks and teleost fishes (Haddock et al., 2010; Widder, 2010) . Bioluminescence plays a role in diverse contexts such as foraging (Claes et al., 2014) or finding and attracting mating partners (Birk, Blicher, & Garm, 2018; Herring, 2007; Morin, 1986) , but also during social interactions (Morin et al., 1975) . However, as the behaviour of nocturnal or deep-sea species is notoriously difficult to study, we know little about the role of bioluminescence in aggressive signalling.
| ACOUS TI C CUE S
Water is a highly suitable medium to conduct sound waves. Sound propagates about four times faster in water than in air and can transmit information over much longer distances (Hawkins, 1993; Tsuchiya, Naoi, Futa, & Kikuchi, 2004) . However, considerable energy expenditure is needed to produce sound loud enough to propagate over large distances. Furthermore, the production of long sound waves requires a large resonating body. Consequently, the use of sound in long-distance underwater communication is reported solely for large animals, like cetaceans (Janik, 2009 ). Sounds produced by many whale species have the potential to travel over several thousand kilometres (Tsuchiya et al., 2004) . They are known to play a crucial role in finding mating partners (Croll et al., 2002) , organizing social groups (Clapham, 1996; Payne & Webb, 1971) or hunting (Panova, Belikov, Agafonov, & Bel'kovich, 2012) .
While the occurrence of such long-distance acoustic communication is limited to members of few taxonomic groups, sound plays a much more prominent role in short distance communication in many aquatic species, including fishes, amphibians, crustaceans or cephalopods. Indeed, fishes are the vertebrate group that show the most diverse systems to generate sound (Ladich & Fine, 2006) . They produce sound either by vibrating their swim bladder using intrinsic or extrinsic drumming muscles or by vibrating the pectoral girdle, rubbing of the enlarged pectoral spine in a groove of the shoulder girdle, plucking of enlarged fin tendons or by moving neck vertebrae and pharyngeal structures (see Ladich & Fine, 2006 for a detailed review of different mechanisms). Furthermore, several fish species are known to produce different sounds depending on the context. Male plainfin midshipman (Porichthys notatus), for example, produce three different types of sound that are termed hums, grunts and growls (McIver, Marchaterre, Rice, & Bass, 2014) . Hums are long-lasting monotone sounds that are produced at night by contracting swim bladder muscles in order to attract females (Ibara, Penny, Ebeling, van Dykhuizen, & Caillet, 1983) . Grunts are short sounds that are produced during agonistic encounters and serve as a threat signal (Brantley & Bass, 1994) . Finally, growls are more complex than grunts and are emitted solely during agonistic encounters (McIver et al., 2014) . Male plainfin midshipman occur in two different morphs, dominants and sneakers. While the much larger dominant males use the full acoustic repertoire to attract females and to show dominance, sneaker males do not develop morphological features that allow them to produce humming sounds and only seldom produce low amplitude, short duration grunts (Brantley & Bass, 1994) .
Acoustic communication during agonistic encounters is not restricted to fishes. For example, vocalization has been described during both intra-and intersexual aggressive encounters in several cetacean species (Connor & Smolker, 1996; Graham & Noonan, 2010; Nakahara, 2002; Sayigh, 2014) , though the exact function of calls is often challenging to determine as much aggressive behaviour occurs at depths where direct visual observations are difficult (Graham & Noonan, 2010; Sayigh, 2014) . Finally, most amphibians emit encounter-, fighting or release calls during intrasexual agonistic interactions (Wells & Schwartz, 2007) . These might be emitted under water, especially in fully aquatic species like members of the Pipidae (Ringeis, Krumscheid, Bishop, Vries, & Elepfandt, 2017; Weygoldt, 1976) .
Here, sound production is highly adapted to an aquatic lifestyle, with the structure and function of the larynx being completely different from those of other frogs. Sounds are produced without moving an air column and therefore without externally visible movements of vocal sacs (see Irisarri, Vences, San Mauro, Glaw, & Zardoya, 2011 for a detailed description of sound production). Pipid frog's repertoire of agonistic calls can be large. Male clawed frogs (Xenopus laevis), for example, produce six different calls that not only attract females but also function in intrasexual aggressive communication (Tobias et al., 2004) . Here, they are used to suppress subordinate males and thus have a crucial function in building up dominance hierarchies (Tobias, Corke, Korsh, Yin, & Kelley, 2010) .
| CHEMIC AL CUE S
In contrast to terrestrial environments, long-lasting territorial scent marks are absent in aquatic habitats. This might be due to the high solubility of chemical cues in water causing any scent marks to be diluted by water movements within short times. Furthermore, the ubiquitous bacteria in aquatic environments might rapidly degrade any scent mark. However, chemical cues play an important role during short-term interactions. For example, chemical cues are used during mate choice (Mehlis, Bakker, & Frommen, 2008; Reusch, Häberli, Aeschlimann, & Milinski, 2001) and social decisions (Kullmann, Thünken, Baldauf, Bakker, & Frommen, 2008; Raveh, Langen, Bakker, Josephs, & Frommen, 2019) . Furthermore, they play an important role in assessing predatory threats and in informing others about these (Ferrari, Wisenden, & Chivers, 2010; von Frisch, 1938; Hettyey et al., 2015; Kullmann et al., 2008) . Chemical communication of aggression in aquatic systems is thus far best understood in crustaceans . Indeed, chemical signalling is the most prevalent form of communication in this taxonomic group . Crayfishes and lobsters, for example, communicate by urinary signals (Breithaupt & Eger, 2002; Shabani, Kamio, & Derby, 2009 ). Competing American lobsters (Homarus americanus) shoot jets of urine towards each other. Urine is excreted through two nephropores located on the anterior ventral face of the base of the second antenna (Bushmann & Atema, 1996) .
These nephropores are connected to small rosette glands, which release their products into the urine (Atema, 1995) . The urine is then released under high pressure into the gill current, which transports it forward towards the opponent (Bushmann & Atema, 1996) . Such urine jets might carry information over distances of above one metre (Atema, 1985) . The perception of an opponent's urine reduces the duration and aggression of male fights, especially when a subordinate individual repeatedly faces a dominant opponent (Karavanich & Atema, 1998) . Therefore, urine might not only carry information about the senders RHP or aggressive propensity (Breithaupt & Eger, 2002) , but also serve in individual recognition (Karavanich & Atema, 1998) . Communication via urine appears thus to be crucial to establish stable dominance hierarchies in crustaceans (Katoh, Johnson, & Breithaupt, 2008; Shabani et al., 2009 ). Similar effects have been shown in several African cichlid species (see Keller-Costa, Canario, & Hubbard, 2015 for a review). Different tilapia species, for example, use chemical cues to signal dominance and to mediate aggressive encounters (Barata, Hubbard, Almeida, Miranda, & Canario, 2007; Giaquinto & Volpato, 1997) . Furthermore, in juvenile Nile tilapia (Oreochromis niloticus) the exchange of chemical cues informs about the sender's motivation and about individual identity (Giaquinto & Volpato, 1997) . Chemical cues excreted via the urine also play an important role in mediating aggression in the cooperatively breeding cichlid Neolamprologus pulcher (Bayani, Taborsky, & Frommen, 2017) . In this species, members of both sexes change their urination patterns during agonistic encounters. Blocking olfactory contact between contestants lead to an increase in fight intensity and to a higher rate of overt aggressive attacks (Bayani et al., 2017) . As larger individuals excreted larger amounts of urine, chemical cues might be a reliable proxy of the opponent's body size, which might be beneficial especially under turbid conditions. Furthermore, an aggression-mediated increase in urination frequency was accompanied by an increased amount of conjugated 11-ketotestosterone in the water (Hirschenhauser, Canario, Ros, Taborsky, & Oliveira, 2008; Hirschenhauser, Taborsky, Oliveira, Canario, & Oliveira, 2004) . Thus, urine might not only transfer information about the contestants RHP, but also about the opponents' motivational state (Hirschenhauser et al., 2008) .
| ELEC TRI C CUE S
The ability to produce or receive electric fields has evolved in several taxonomic groups. The reception of electric fields has been shown in terrestrial and aquatic species alike, including various invertebrates (Clarke, Whitney, Sutton, & Robert, 2013; Greggers et al., 2013; Morley & Robert, 2018) , monotremes (Gregory, Iggo, McIntyre, & Proske, 1989; Scheich, Langner, Tidemann, Coles, & Guppy, 1986) , lampreys (Bodznick & Northcutt, 1981) , sharks and rays (Kalmijn, 1966) , teleost fishes (Bullock, Hopkins, & Fay, 2006 ) and dolphins | 7
Functional Ecology FROMMEN (Czech-Damal et al., 2012) . In these species, the reception of the electric field plays a role in navigation and foraging (Clarke et al., 2013; Peters & Bretschneider, 1972) , and might further be used as communication channel in a social or sexual context (Kramer, 1996; Werneyer & Kramer, 2005) . In contrast, the production of electric fields has been demonstrated predominantly in aquatic species (but see Greggers et al., 2013; Ishay, Goldstein, Rosenzweig, Kalicharan, & Jongebloed, 1997) . In fishes, electric field production evolved several times independently, including rays, catfishes, knifefishes and elephantfishes. These species are able to produce electric fields by using modified muscle cells or endings of spinal motor nerves (Kramer, 1996) . Here, the production of strong and weak electric fields can be differentiated. The production of strong electrical fields is usually used as a defensive mechanism as for example in the famous electric eel (Electrophorus electricus) (Keynes & Martins-Ferreira, 1953; Williamson, 1775) or in various catfishes (Howes, 1985) . These species commonly lack the ability to receive such electric cues, making electric communication impossible. In contrast to such strong fields, some freshwater fishes possess the ability to produce and receive weakly electric cues, enabling the possibility of electric communication. Such electric communication has been demonstrated in different South American knifefishes and African elephantfishes (Kramer, 1996) . These species are mainly nocturnal and usually live in highly turbid water, where visual communication is impossible, creating the need for alternative ways to communicate. Accordingly, they use weak electric fields in various contexts, like orientation (Schumacher, von der Emde, & Burt de Perera, 2017), foraging (von der Emde & Bleckmann, 1998) and during reproduction (Werneyer & Kramer, 2005) . Importantly, such electric cues play a role in aggressive signalling. For example, studies on different South American ghost knifefish species have shown that both sexes produce an array of different electric signals that they modulate during agonistic encounters (Tallarovic & Zakon, 2002) . While some of these cues play a role in signalling dominance (Hupe & Lewis, 2008; Triefenbach & Zakon, 2008) , others are used in signalling submission (Zubizarreta, Stoddard, & Silva, 2015) . Similar patterns have been shown in several African mormyrids (Gebhardt, Alt, & von der Emde, 2012; Kramer & Bauer, 1976 ).
| MECHANOS EN SORY CUE S

| Mechanosensory communication with contact
Information about an individual's RHP or aggressive propensity might be exchange via mechanosensory cues. For example, some crayfish species wave their antennae as part of a visual threat signal. Such waving is sometimes followed by antennae tapping, during which the constants quickly touch the anterior region of the contestant with their antennae (Tierney, Godleski, & Massanari, 2000) .
Such brief contacts mediate agonistic encounters. In the rusty crayfish (Orconetes rusticus), the decision to engage in fights with an opponent was influenced by prior antennal contact. Here, individuals with ablated antennae were less likely to show overt aggressive behaviours, but showed more aggressive displays not involving body contact (Smith & Dunham, 1996) . While such brief antennal contact in crustaceans most likely does not have the potential to harm the opponent, mechanosensory communication of aggressiveness in other species is difficult to discern from overt aggressive interactions. Contests of hermit crabs, for example, involve a behaviour called shell rapping, during which the attacking individual brings its shell rapidly and repeatedly into contact with the opponent's shell.
Such shell rapping might transfer information about the attackers RHP and motivation. It might furthermore reduce the opponent's ability to obtain an optimal grip on its shell (Briffa & Elwood, 2000) .
Rock mantis shrimp (Neogonodactylus bredini) use potentially deadly telson strikes to engage into ritualized attacks, a behaviour termed telson sparring (Green & Patek, 2015) . Here, the individual performing higher amounts of ritualized strikes usually wins the contest.
Such telson sparring fulfils the prerequisite of mutual assessment models proposed by contest theory (Green & Patek, 2018) .
Mechanosensory cues play finally an important role in affiliative and submissive behaviours, for example in fishes (Hamilton, Heg, & Bender, 2005; Tanaka et al., 2015) . Subordinates of the cooperatively breeding cichlid Neolamprologus pulcher, for example, regularly touch the body flank of dominant individuals with their mouth. Such bumping behaviour does not induce aggressive reactions of the receiver and is interpreted as a way to affirm the subordinate state of the signaller (Hamilton et al., 2005) .
| Mechanosensory communication without contact
Aquatic animals face constant hydrodynamic stimuli, like water displacements and pressure fluctuations. These can be caused by abiotic factors like currents or tidal swell, but also by movements of con-and heterospecifics. Petromyzont agnathans, fishes, and larval and some adult amphibians are able to perceive such water movements or pressure changes via their lateral line (see Northcutt, 1989 for a review). This sensory system is built of structures that consists of a hair cell epithelium and a cupula that connects the ciliary bundles of the hair cells with the water surrounding the fish (termed neuromasts, Bleckmann & Zelick, 2009 ). Depending on the species, the number of such neuromasts differs greatly. They can be distributed over the head, trunk and tail fin (Bleckmann & Zelick, 2009 ). In many fishes, the neuromasts are further embedded in lateral line canals that are open to the environment through a series of pores (Bleckmann & Zelick, 2009 ). Fishes use their lateral line system for orientation (Montgomery, Baker, & Carton, 1997) and localization of stationary objects (Goulet et al., 2008) , when foraging for food (Schwalbe, Bassett, & Webb, 2012) or when forming synchronized schools (Greenwood, Wark, Yoshida, & Peichel, 2013; Partridge & Pitcher, 1980) . The lateral line system is furthermore hypothesized to play a crucial role in the mutual assessment of an opponents' strength (Enquist, Leimar, Ljungberg, Mallner, & Segerdahl, 1990) .
Indeed, many fish often swish water at one another during lateral displays (Barlow, 2000) . A recent study on Burton's mouthbrooder (Astatotilapia burtoni) showed that these fish use mechanosensory information perceived by their lateral line to avoid overt aggressive encounters during territorial interactions (Butler & Maruska, 2015) .
While the lateral line system of vertebrates is most likely of monophyletic origin (Northcutt, 1989) , Budelmann and Bleckmann (1988) described a lateral line like organ also in two cephalopod species, which were able to recognize water movement with their epidermal head-lines. Whether this organ is used for aggressive communication as well is hitherto not known. Such convergently evolved perceptual abilities underline the importance of perceiving pressure changes in aquatic environments and may indicate a potential role for using water movement and pressure changes also in the communication of distantly related taxa.
| MULTIMODAL COMMUNIC ATION
Most studies on communication, and especially on aggressive communication, focus on information transfer in a single modality. This is unfortunate, as information is usually transferred via multiple signals, either in the same or in different modalities (Hebets & Papaj, 2005) .
Such different signals are processed in concert by the receiver, corroborating or modulating each other (Partan & Marler, 2005) . The importance of such multimodal communication was already stressed by Darwin (1872) and gained attention from behavioural ecologists ever since (Hebets & Papaj, 2005; Partan & Marler, 2005; Rowe, 1999) . Indeed, it is difficult to imagine examples, where the communication of aggressive propensity takes place only in a single modality. In many fishes, for example visual threat displays are accompanied by acoustic or olfactory signals (e.g., Bayani et al., 2017; Brantley & Bass, 1994; Chabrolles et al., 2017) . Similar patterns are also found in agonistic interactions of many crustaceans (Breithaupt & Eger, 2002; Hebets & Rundus, 2011; Katoh et al., 2008) . Rock mantis shrimp, for example, communicate their RHP and aggressive motivation by using chemical cues and performing threat displays showing a coloured patch, that reflects UV light. These different signals appear to work in non-redundancy and transfer different information: The UV reflectance and/or luminance of the colour patch appears to amplify the threat displays of the male, whereas chemical cues indicate size and identity (Franklin et al., 2016) . While evidence for such multimodal communication during aggressive encounters is thus far limited to a small number of aquatic and terrestrial species (e.g., Ballentine, Searcy, & Nowicki, 2008; Green & Patek, 2015; Stuart-Fox, Firth, Moussalli, & Whiting, 2006) , there is no reason to assume that this phenomenon is not widespread. Thus, understanding the interplay of multiple signals is crucial in order to understand animal contests in general. For example, one reason for the low number of studies demonstrating the role of mutual assessment during agonistic encounters (Arnott & Elwood, 2009; Elwood & Arnott, 2012 ) might be that the signals are multimodal but researchers only study one modality, using that as a proxy for RHP (e.g., visual cues of body size). Yet, the contestants may be mutually assessing each other using different cues (e.g., olfactory or acoustic) (see Arnott & Elwood, 2009 for a comparable argument). Still, studies elucidating the use of multimodal signals might be complex and technically demanding. As a first step, it would be important to gain information on the potential modalities that are part of the signal. Therefore, single modalities might be tested in isolation first (Chabrolles et al., 2017) .
Once knowledge about the importance of single modalities is established different signals might be tested in combination in order to obtain the complete picture (Chabrolles et al., 2017) . Broadening the taxonomic scope of multimodal communication during aggressive encounters will be an important challenge for future research.
| COMMUNI C ATI ON IN COMPLE X SOCIAL SYS TEMS
Aggressive communication is expected to be most derived in highly complex animal societies (Freeberg, Dunbar, & Ord, 2012; Leighton, 2017; Pika, 2017; Pollard & Blumstein, 2012) , although this assumption might be partly explained by an overrepresentation of studies on such social systems in the literature (Pika, 2017) . Cooperatively breeding species are great examples for socially complex groups. Thus far, the best studied cooperative breeding fish is the East African cichlid Neolamprologus pulcher (see Taborsky, 2016; Wong & Balshine, 2011 for reviews) . In this species, social groups consist of a dominant breeding pair and up to 25 subordinate helpers (Bergmüller, Heg, Peer, & Taborsky, 2005; Groenewoud et al., 2016) , which form a strictly size-based hierarchy (Balshine et al., 2001; Heg, Brouwer, Bachar, & Taborsky, 2005; Reddon et al., 2011) . Aggressive interactions take place between all individuals, though they are most pronounced between individuals of similar hierarchy position (Ligocki et al., 2015) . Agonistic encounters within a group are usually solved by a broad array of aggressive signals using different modalities.
Visual signals might consist of different components, which can be shown either alone or in combination (Balzarini et al., 2014; Sopinka et al., 2009; Taborsky, 1984) . These components differ in intensity and meaning, ranging from mildly aggressive fin flicks to long-lasting and energetically costly displays (Grantner & Taborsky, 1998) . Such threat signals are accentuated by black colour patterns on the gill covers of both males and females. The intensity of these black stripes is a honest signal for an individual's aggressive motivation (Balzarini et al., 2017) . Furthermore, visual displays are accompanied by olfactory cues, which are transferred via the urine and which contain information about the signaller's size, sex and motivational state (Bayani, 2016; Bayani et al., 2017; Hirschenhauser et al., 2008) . Subordinate individuals answer such threat displays using several submissive and affiliative displays, including visual and mechanosensory cues (Balzarini et al., 2014; Sopinka et al., 2009; Taborsky, 1984) . Similar patterns have been described in other cooperatively breeding fishes (Heg & Bachar, 2006; Tanaka et al., 2015) , indicating that complex aggressive signalling is common in highly social fishes.
| H UMAN IMPAC T ON AG G RE SS IVE COMMUNIC ATION
In recent years, many aquatic habitats have faced drastic humaninduced changes, including altered visibility due to algal blooms caused by eutrophication and soil import (van der Sluijs et al., 2011), increased noise levels by boat engines and other sources (Kunc, McLaughlin, & Schmidt, 2016; Williams et al., 2015) , increased ocean acidification caused by the uptake of additional carbon dioxide (Caldeira & Wickett, 2003; Munday et al., 2009) , and pharmaceutical (Puckowski et al., 2016) and chemical pollution (Lürling & Scheffer, 2007) . These changes are known to impair species recognition (Seehausen, vanAlphen, & Witte, 1997) , homing behaviour (Munday et al., 2009) , mating preferences (Tuomainen & Candolin, 2011) and social behaviour (Fischer & Frommen, 2013; Williams et al., 2015) in many aquatic species. A major cause for these impairments is the disruption of one or more communication modalities.
An increase in turbidity, for example, potentially hampers the visual assessment of the opponent's RHP or motivation.
Consequently, opponents will have to invest more time and energy in their signalling behaviour as well as in their attempts to receive the signals from the opponent. Juvenile brown trout (Salmo trutta), for example, showed exaggerated aggressive visual signals under turbid conditions (Eaton & Sloman, 2011) . Furthermore, when opponent's assessment is unsuccessful, turbid conditions might lead to more or longer aggressive encounters. This assumption is supported by a study on the African cichlid Pseudocrenilabrus multicolour, where males performed more aggressive behaviours when tested under turbid conditions (Gray, McDonnell, Cinquemani, & Chapman, 2012) .
Underwater noise pollution is considered as one of the most hazardous forms of anthropogenically driven environmental change (World Health Organization, 2011) . Noise pollution has been shown to impair organisms on all levels, from individuals to ecosystems (Kunc et al., 2016) , including agonistic encounters. In N. pulcher, for example, sound produced by boat engines altered the amount of aggressive and submissive displays shown by dominant and subordinate group members (Bruintjes & Radford, 2013) . In the red-mouthed goby (Gobius cruentatus), a species where males acoustically communicate during territorial fights (Sebastianutto, Picciulin, Costantini, Rocca, & Ferrero, 2008) , male territory holders were more likely to lose their territory to an intruder when fights took place while boat noise was present (Sebastianutto, Picciulin, Costantini, & Ferrero, 2011) .
Within the last decades, aquatic systems faced drastic increases in chemicals released into the environment. These include herbicides, hormones, licit and illicit drugs and pharmaceuticals, some of which have endocrine disrupting function (Gavrilescu, Demnerová, Aamand, Agathoss, & Fava, 2015; Petrie, Barden, & Kasprzyk-Hordern, 2015) . Such chemical compounds have been shown to alter chemoreception and information transfer (Lürling & Scheffer, 2007) and to impair species recognition, mating behaviour, foraging abilities and social interactions in several fishes and crustaceans (Olsén, 2011; Scott & Sloman, 2004) . Also, aggressive interactions are influenced by such chemical pollution (Shinn, Santos, Lek, & Grenouillet, 2015) . In the crayfish Orconectus rusticus, for example, the exposure to non-lethal levels of the herbicide metolachlor made individuals being less likely to initiate fights with untreated control individuals and lowered their chance to win aggressive encounters (Cook & Moore, 2008) . Male guppies (Poecilia reticulata) that were exposed to an androgenic steroid (17 beta-trenbolone) used to promote growth in beef cattle showed more aggressive behaviours towards rival males and performed less courting behaviour and more sneak mating attempts (Tomkins et al., 2017) . Both studies highlight that chemical pollutants bear the potential to interfere with the natural agonistic behaviours of aquatic species. Furthermore, increased atmospheric CO2 levels lead to ocean acidification and increases in water temperature, and both have been shown to influence animal behaviour and communication (Briffa, de la Haye, & Munday, 2012; Cattano, Claudet, Domenici, & Milazzo, 2018; Clements & Hunt, 2015; Rosa, Rummer, & Munday, 2017) . However, thus far, knowledge on the influence of increasing CO2 levels on aggressive behaviour is scarce.
Animals might react to such changed environments in mutually non-exclusive ways: species that use different modalities during communication might adjust their signalling to the changed conditions, potentially lowering the importance of some of these signals while increasing the importance of others (Dunlop, Cato, & Noad, 2010) . However, little is known about such adjustments during aggressive interactions thus far. Furthermore, animals might change their assessment strategy. For example, in situations where a reliable assessment of the opponent becomes impossible, they may switch to a self-assessment strategy instead. Currently, our knowledge about the impact of human activities on aquatic communication is limited to few taxonomic groups. For example, most information about the impact of anthropogenic noise on behaviour of aquatic animals come from vertebrates (Morley, Jones, & Radford, 2014) . Investigating the multifarious ways that aquatic animals of different taxonomic groups communicate with each other will therefore allow us to better predict how their social behaviour is influenced by human activities.
Such knowledge is necessary to inform animal conservation decisions (Delhey & Peters, 2017) .
Humans heavily depend on aquatic organisms in multiple ways. For example, fishes, molluscs and crustaceans provide important sources of proteins in human nutrition and are therefore kept in aquacultures world-wide (Ashley, 2007; Håstein, Scarfe, & Lund, 2005; Vidal et al., 2014) . In addition, aquatic animals are among the most commonly used laboratory animals (Vidal et al., 2014) . World-wide, the number of fishes used in animal research reach comparable numbers to rodents (Sneddon, 2011) , and their popularity is continuously rising (McKinnon, Kitano, & Aubin-Horth, 2019) . Finally, there are millions of shrimp, molluscs and fishes bred and caught for the pet market each year (Håstein et al., 2005; King, 2019) . Trading and keeping these enormous amounts of individuals puts a strong ethical obligation on humans to provide them with adequate living conditions that reduce suffering and discomfort (Huntingford et al., 2006; Iwama, 2007) .
Many of the species living in human custody show elaborate social behaviours, like the shoal living zebrafish (Danio rerio) and three-spined stickleback, many social cichlids or the highly aggressive Siamese fighting fish. This includes highly derived communication during aggressive encounters (Balzarini et al., 2014; Pleeging & Moons, 2017; Rick & Bakker, 2008b) . Understanding aggressive communication is therefore a crucial step to minimize agonistic interactions in such species. Acknowledging aggression in animals that live in groups in limited space is a first step. However, the link between fish density and aggressive interactions is complex and species-dependent. While high stocking densities lead to an increased amount of agonistic interactions and higher stress levels in some species, the opposite effect was shown in others (Ashley, 2007) . Consequently, means to reduce aggression are supposed to be species-dependent and include, for example, the enrichment of the environment, the use of appropriate background and substrate colours, the feeding of aggression-reducing feeding supplements or means to support the fast establishment of clear dominance hierarchies (Ashley, 2007; Kistler, Hegglin, Würbel, & König, 2011; Williams, Readman, & Owen, 2009 ). Further, recognizing aggressive threats before escalation and identifying the source of aggressions may reduce costs of potentially losing injured animals and increase animal well-being. A recent study on angelfish (Pterophyllum scalare), for example, showed that fluctuations in water chemistry caused by regular water changes lead to an increase in aggression, especially when large amounts of water were exchanged. This was most likely caused by the disruption of chemical communication due to changed water chemistry. Changing only a small volume of water at a time was in turn found to be a good solution to prevent exaggerated aggressive interactions in these fish, leading to a reduction of detrimental effects on fish welfare (Gauy, Boscolo, & Gonçalves-de-Freitas, 2018) .
Understanding aggressive communication should not only be motivated for ethical reasons but is also required to produce high-quality food resources and obtain reproducible scientific results. For example, many studies in behavioural ecology, ecotoxicology, genetics and neurobiology include measuring the aggressive potential of a given test animal. Here, mirror tests are a standard testing procedure.
During such tests, an individual is presented with its mirror image and its reaction is scored. This reaction usually includes not only overt attacks, but also several visual aggressive displays (Balzarini et al., 2014) . Generally, it is assumed that displays shown towards a mirror are a good proxy for an individual's aggressive potential.
However, the assumption that such mirror tests reliably reflect the true aggressive propensity of an individual have recently been challenged on several grounds: neurobiological studies showed that a mirror images elicit different patterns of gene expression than a live conspecific in the brains of Burton's mouthbrooder (Astatotilapia burtoni) (Desjardins & Fernald, 2010) and zebrafish (Oliveira et al., 2016) . Furthermore, recent studies on different cichlid fishes (e.g., three sympatric lamprologine cichlid species from Lake Tanganyika (N. pulcher, Lepidiolamprologus elongatus, Telmatochromis vittatus); two African riverine cichlids (A. burtoni, Pelvicachromis pulcher) and
South American convict cichlids (Amatitlania nigrofasciata) revealed that mirror images elicit meaningful responses only in some of them, but not in others (Balzarini et al., 2014; Desjardins & Fernald, 2010; Elwood, Stoilova, McDonnell, Earley, & Arnott, 2014; Scherer, Buck, & Schuett, 2016) . Thinking about the ways different fish species communicate during aggressive encounters will help explain such contrasting results. There are two potential reasons why mirror images failed in some of these species. First, one of the most common threat signals shown by many fishes are lateral threat displays. These usually involve the two contestants aligning side by side in an anti-parallel manner, which is not possible when displaying towards a mirror image (Arnott et al., 2011) . Indeed, N. pulcher, in which mirror images were shown to be a good proxy, relies strongly on frontal displays, where orientation can only be frontally to the opponent (Balzarini et al., 2017 (Balzarini et al., , 2014 . Second, aggressive communication might occur via a multimodal signal, including visual cues combined with acoustic, chemical, electric or mechanosensory information (Bayani et al., 2017; Chabrolles et al., 2017) . When presented with a mirror image alone, the focal individual might thus react in an artificial way, as it finds it impossible to draw meaningful information from its simulated opponent. Comparable arguments need also to be considered when creating virtual stimuli using computer animations (see Chouinard-Thuly et al., 2017 for review). Incorporating knowledge of the multifarious ways in which animals communicated into such standard tests will eventually allow us to develop more reliable ways to measure animal behaviour in general.
| SUMMARY AND FUTURE D IREC TI ON S
Aquatic organisms use a fascinating range of different sensory modalities in order to communicate their RHP and aggressive propensity. Furthermore, information might be transferred by combining several cues into multimodal signals. Understanding these signals is crucial to understand an individual's social behaviour. Still, thus far most of our knowledge of communication during aggressive encounters in aquatic animals focus on one modality, with a strong bias towards cues easily accessible and measurable for the human observer. This shortcoming prevents us from fully understanding how aquatic animals, which possess different sensory abilities to humans, communicate. Furthermore, the vast amount of studies has been conducted on species coming from a limited taxonomic range, mainly marine mammals, fishes and crustaceans. This limited knowledge is unfortunate as it prevents us from gaining an overarching understanding of aggressive communications in aquatic environments. Such in-depth understanding will be crucial not only in the light of ethics and animal welfare, but also to obtain reliable scientific results. Thus, the aim of future studies should be to apply broader sensory as well as taxonomic approaches, aiming at understanding complex multimodal signals in order to deepen our knowledge on aquatic animal's aggressive communication.
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